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INTRODUCTION
The influence of the pituitary body on fatty acid and ketone body
metabolism has excited interest ever since Anselmino and Hoffman demon-
strated the ketogenic effect of an anterior pituitary extract in 1931.' The
extensive literature which followed has been reviewed in two recent pub-
lications.10"' The development of ketosis is generally assumed to require an
intact adenohypophysis,' and both the adrenal and pituitary are said to play
vital roles in the mobilization of fat to the liver under a variety of circum-
stances.' Although ketogenesis has been well studied and found to be dimin-
ished in the hypophysectomized-depancreatized animal,' surprisingly few
data are available on the fasting hypophysectomized animal without diabetes
and these were obtained from animals fasted only 18 to 36 hours'" or from
fat-fed animals." Some of those reports suggested that the fasted hypophy-
sectomized animal could develop ketonemia, although it was generally
agreed that the degree of ketonemia was less than normal or delayed in its
onset.
There are even fewer data concerning the relative roles of pituitary hor-
mones and endocrine target gland hormones in the ketosis of fasting in the
hypox animal. Bondy and Wilhelmi9 investigated this subject, but their
data on the effect of various hormones upon ketogenesis in liver slices from
hypophysectomized rats were obtained from animals fasted for only 18
hours.
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Therefore, it was decided to re-investigate the question of whether the
presence of the adenohypophysis is essential to the ketosis of fasting in the
rat, employing a more prolonged fast than reported by others. In addition,
the experiments were designed to help clarify the inter-relationships among
various hormones both in the production of ketosis during the fast and
recovery therefrom as the fast is prolonged.
MATERIALS AND METHODS
Male albino rats of the Sprague-Dawley strain weighing approximately 200-300
grams were studied during a 7-day fast in a room maintained at 800 F. Prior to the
fast they received Purina Dog Chow, ground or as pellets, and water ad libitum. Rats
were free of obvious infection and body weights were stable or increasing at the time
of study. Adrenalectomized and hypophysectomized-adrenalectomized animals were
maintained with daily injections of 0.5 mg. DOCA subcutaneously. Weight loss follow-
ing adrenalectomy was regained by the 4th postoperative day and before beginning the
fast. Completeness of adrenalectomy and absence of accessory adrenal tissue were later
confirmed by failure of the rats to survive without DOCA or NaCl and by post-mortem
examination. Hypophysectomzed rats, commercially obtained* were studied either
"early" (11-58 days) or "late" (more than 77 days) after hypophysectomy. Complete-
ness of hypophysectomy was judged by failure to grow, testicular atrophy, changes in
body hair, decreased spontaneous motor activity, and exquisite sensitivity to insulin
(whenever tested). Only rats fulfilling these criteria were used, and adrenocortical
atrophy was verified at the time of adrenalectomy or autopsy in every instance. In some
experiments hypophysectomized rats received 0.25 mg. cortisone acetate in saline
subcutaneously every day. Triiodothyronine, when used, was injected subcutaneously in
a dose of 1 ,ug./100 gms. of body weight daily for 3 days prior to the fast, then 0.8
,ug./100 gms. daily during the fast. A solution of L-triiodothyronine was prepared as
outlined by Heming and Holtkamp.' Distilled, demineralized water was used to avoid
inactivation of the hormone by chelation with traces of heavy metals. The solution,
freshly prepared every 5 days, was biologically active, judging from the increase in
motor activity and body temperature of the hypophysectomized rats which uniformly
occurred. Intact rats receiving phloridizin were injected subcutaneously daily with
100 mg. of phloridizin suspended in 1 ml. of sesame oil, a regimen producing profuse
glycosuria. Control experiments with phloridizin in sesame oil or sesame oil alone
were carried out in nephrectomized rats.
All animals were kept in individual cages through the experiments. Blood specimens
were obtained without anesthesia from the tail at approximately the same time each
morning and analyzed in duplicate for ketone bodies by the method of Greenberg and
Lester as modified in our laboratory' and for glucose by the Somogyi-Nelson method.'
RESULTS
Tables 1 and 2 compare the patterns of glycemia and ketonemia re-
spectively during a 7-day fast in intact control rats and in rats in which
endocrine functions had been modified in various ways.
* The Endocrine Laboratories, Madison, Wisconsin.
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Intact controLsvs. othergroups
In each instance glycemia and ketonemia in the experimental groups have
been compared to the controls and any significant differences indicated. The
blood sugar in intact controls fell during the first 24-48 hours of fasting and
then increased each subsequent day, until well above the initial fasting
level. Blood ketones (Table 2) showed an inverse relationship to the
glycemia, with a rise to maximum levels on day 2 followed by a progressive
fall below the initial fasting levels. Neither ketonemia nor glycemia was
restored completely to levels present in fed rats (day 0). Every experi-
mental group except the "late" hypophysectomized rats maintained with
0.25 mg. cortisone acetate daily demonstrated a strikingly different pattern
from that of the controls. In all other groups of adrenalectomized and
hypophysectomized rats glycemia progressively declined, and ketonemia in-
creased to higher levels than in the control rats and did not decline as the
fast continued. As in the controls, there appeared to be an inverse relation-
ship between glycemiaand ketonemia.
"Early' hypophysectomized vs. "late" hypophysectomized rats
In vitro studies have demonstrated that the rate of ketogenesis by liver
slices from hypophysectomized rats is depressed, and the degree of impair-
ment varies directly with the time elapsed since hypophysectomy.' Our in
vivo data on ketonemia during prolonged fasting in "early" and "late" hy-
pophysectomized rats did not confirm those in zvtro results. "Late" hy-
pophysectomized rats were found to develop significantly more ketosis than
the "early" group after 4, 6, and 7 days of fasting (P < 05, P < 05 and
P < 02) and, as noted above, both groups exhibited much greater ketonemia
than the fasted controls. Glycemia did not differ between the "early" and
"late" hypophysectomized groups except for day 1 when the former had a
slightly lower blood sugar (P < 05). The loss of weight by control, early
hypophysectomized, and late hypophysectomized rats during the fast is
illustrated in Figure 1. Although their initial weight was less, the "early"
hypophysectomized rats lost more weight than the "late" group during the
fast. One possible explanation for this difference is that the adrenal glands
of the former were less completely atrophic, permitting greater nitrogen
loss early during the fast. This possibility is supported by the fact that the
two curves differ in slope only during the first two days of the fast, when
the bulk of the nitrogen loss should occur. In addition, "late" hypophysec-
tomized rats subsequently adrenalectomized, maintained on DOCA, and
subjected to a 7-day fast demonstrated a pattern of weight loss almost
identical to the "late" hypophysectomized group which had not been
adrenalectomized.
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Late hypophysectomized vs. late hypophysectomized-adrenalectomized vs.
late hypophysectomized-cortisone treatment
In view of the above differences in weight loss it became important to
assess the degree of adrenal cortical atrophy in the late hypophysectomized
rats and to evaluate the role of secondary adrenocortical atrophy in their
development of marked ketonemia. The situation was confusing since Tep-
perman and Tepperman"1 reported that both cortisone and growth hormone
LOSS OF WEIGHT BY NORMAL AND HYPOX RATS
0
20
HYPOX
40 (135-165 DAYS)
WT. 225.7±t7.5
OF WT. HYPOX
IN GMS. 60 - (11-58 DAYS)
WT. 199.4t15.7
NORMAL CONTROLS
WT. 281.7 + 8.5
100-
10 II
0 1 2 3 4 5 6 7
DAY OF FAST
FIG. 1. The mean weight loss ± standard error on each day is indicated for each
experimental group. The weight listed under each group represents the body weight
on day 0.
were necessary to restore ketogenesis in liver slices from "late" hypophy-
sectomized rats, making our results even more unexpected. In order to
clarify this issue, some "late" hypophysectomized rats were adrenalectomized
while others were given cortisone before subjecting them to the prolonged
fast. All ofthe adrenal glands removed were markedly atrophic.
Statistical analysis of the data of Table 2 reveals that adrenalectomy has
no significant effect upon the ketonemia of late hypophysectomized rats.
However, treatment of "late" hypophysectomized rats with a small constant
dose of cortisone acetate (0.25 mg.) daily restored the pattern of glycemia
to virtually normal. Despite the constancy of the cortisone dose, the blood
sugar fell to its lowest level on day 2 and then rose progressively, just as in
308
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the controls. Ketonemia also simulated the normal pattern, although not as
closely as didglycemia.
The role of the adrenal cortex in the glycemia and ketonemia of the "late"
hypophysectomized rats can be better appreciated by inspecting Figure 2.
The inverse relationship between glycemia and ketonemia in all groups is
readily apparent, as is the failure of adrenalectomy to modify the patterns
found in the "late" hypophysectomized rat. The ability of a "permissive"
KETONEMIA AND GLYCEMIA IN HYPOX, HYPOX-ADRX
HYPOX-CORTISONE TREATED FASTING RATS.
3 4
DAY OF FAST
FIG. 2. Each point represents the mean value + standard error. The number of rats in
each experimental group is indicated in ( ). The time elapsed since hypophysectomy or
adrenalectomy is recorded in days. Note the inverse relationship between glycemia
and ketonemia in each instance.
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dose of cortisone to modify that pattern, simulating the response of the
intact controls, is evident.
Late hypophysectomized vs. DOCA maintained-adrenalectomized rats
The comparison between these two groups is quite difficult since the
adrenalectomized rats did not tolerate the fast as well as hypophysectomized
rats despite maintenance therapy with DOCA. They were either dead or
showed evidence of peripheral circulatory failure by the 7th day. In all
likelihood their condition was probably not as good as that of the hypophy-
sectomized rats even earlier during the fast. Since impairment of the cir-
culation will suppress ketogenesis,17 this factor alone might account for the
lower ketone levels on days 5 and 6 (P < 05, P < 01). The adrenalec-
tomized rats were more ketonemic than the hypophysectomized on days 1
and 2 (P < 01, P < 05). Glycemia differed only on day 3 when the
adrenalectomized rats demonstrated an unexplained small but significant
rise in blood sugar (P < 01). The ketonemia in the fasted adrenalec-
tomized rats confirms earlier observations."8
Late hypophysectomized vs. late hypophysectomized-triiodothyronine
treatment
Bondy and Wilhelmi have reported that thyroxine treatment of hypohy-
sectomized rats will restore to normal the low rate of ketogenesis by their
liver slices.' For this reason, triiodothyronine was administered to a group
of "late" hypophysectomized rats. There was no significant difference in
ketonemia compared to that of "late" hypophysectomized rats although the
animals treated with triiodothyronine had a lower blood sugar on days 3 and
7 (P<02,P<05).
Intactphloridizinized ratsvs. othergroups
The apparently greater tendency of the hypophysectomized rat to develop
ketonemia during fasting was surprising since many previous well-docu-
mented studies indicated that hypophysectomized or hypophysectomized-
diabetic animals exhibit less ketosis under a variety of circumstances than
do intact or diabetic animals."5 4 ' '2 ' It is apparent from our data that
there was always an inverse relationship between glycemia and ketonemia.
The hypophysectomized and adrenalectomized rats always exhibited more
profound hypoglycemia than the intact animals, except when the former
were treated with cortisone. If the hypoglycemia with its probable con-
comitant depletion of liver glycogen is the important ketogenic stimulus, it
is not justified to assume a priori that the hypophysectomized or adrenal-
ectomized rats have an intrinsically greater capacity to develop ketosis than
310
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do intact rats or conversely that the pituitary gland is not involved in fasting
ketosis. To establish the former point would require data from intact rats
exhibiting a degree of chronic hypoglycemia comparable to that of the hypo-
physectomized and adrenalectomized rats. For this reason an experiment
was performed in which intact rats were given phloridizin with the produc-
tion of a comparably hypoglycemic state (Table 1). The spectacular degree
of ketonemia obtained is recorded in Table 2 and can perhaps be better
appreciated by inspecting Figure 3 which contrasts it with ketonemia in
KETONEMIA AND GLYCEMIA IN INTACT, PHLORIDiZINIZED
AND HYPOX RATS
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FIG. 3. The number of rats in each group is indicated in ( ). Note the extreme degree
of ketonemia in intact phloridizinized rats contrasted to other groups.
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hypophysectomized and in intact control rats. In addition, the phloridizin-
ized rats had polyuria and heavy ketonuria (qualitative test) contrasted to
the oliguria and minimal ketonuria found in hypophysectomized or adrenal-
ectomized rats. It is apparent that ketosis was many-fold greater in the
phloridizinized intact rats than in hypophysectomized rats with a compar-
120-
BLOOD
SUGAR
MGM %
80
40-
I&O I
BLOOD
KETONES 00
MGM% 10.0
(As Acetone)
50-
IMMEDIATE INFLUENCE OF INSULIN AND GLUCOSE ON
KETOSIS IN 5 DAY-FASTED HYPOX-ADRX RATS
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FIG. 4. The arrows represent 0.2 ml. intraperitoneal injections of 0.9 per cent NaCl,
glucagon-free insulin in 0.9 per cent NaCl or 20 per cent dextrose in water. Although
not indicated by an arrow, the rats receiving insulin also received 0.2 ml. of saline
at 2 hour.
able degree of hypoglycemia. The former tolerated the experiment poorly
and after the third day rapidly developed circulatory collapse and died.
To investigate the possibility that phloridizin or its sesame oil vehicle
might be directly responsible for the ketosis rather than the hypoglycemia it
induced, similar studies were performed in nephrectomized rats and
phloridizinized-nephrectomized rats. No difference in ketonemia was ap-
parent between those two groups, eliminating thatpossibility.
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Effect of insulin, glucose, or saline in fasted hypophysectomized-adrenal-
ectomized rats
Since both fasting' and hypophysectomyM are said to cause a decrease in
endogenous insulin secretion the possibility that insulin insufficiency plays a
role in the ketosis of fasting was investigated. Figure 4 illustrates the data
obtained when insulin, glucose, or saline were administered to "late" hypo-
physectomized-adrenalectomized rats which had been fasting for 5 days. An
extremely minute dose of glucagon-free insulin caused a prompt, highly
significant decline in ketonemia. The actual dose of insulin administered
was probably even smaller than 0.005 unit since the insulin solution was so
dilute and had been diluted with normal saline rather than with a solution
containing albumin.6 A somewhat larger, more sustained, decline in keto-
nemia occurred when glucose was administered, while saline injected as a
control was virtually without effect. The latter two groups contained too
few animals for adequate statistical evaluation. For the same reason the
apparent rise in blood sugar in the rats injected with saline is difficult to
interpret.
These data suggest that decreased utilization of carbohydrate contributes
to the development of fasting ketosis in the hypophysectomized-adrenal-
ectomized rat, and that the decrease is probably due to deficiency of both
insulin and substrate (carbohydrate). Steele, et al," have already presented
evidence for decreased peripheral carbohydrate utilization in the hypophy-
sectomized dog.
DISCUSSION
The production of ketone bodies and other events in the intermediary
metabolism of fatty acids have been clarified during the past several years
and are reviewed in detail in a number of recent publications." 'l' These
emphasize the central position of acetyl CoA in the inter-relationships of fat,
protein, and carbohydrate metabolism; the importance of the balance be-
tween acetyl CoA and Krebs cycle intermediates in the liver in determining
whether ketosis will occur; and the importance of TPNH generated either
from the oxidation of glucose via the hexose monophosphate shunt pathway
or possibly from the Krebs cycle in determining whether fat synthesis can
take place. Even more recently insight has been gained concerning the
quantitative significance of nonesterified fatty acids in satisfying energy re-
quirements during fasting and the rapidity with which they can be released
from adipose tissue and transported to the liver and other organs to serve as
substrate for fatty acid oxidative systems." The effect of hormones upon
ketosis or other aspects of fat metabolism must be explained within the
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known frameworks of intermediary metabolism and adipokinesis since a
basic principle of endocrinology is that hormones do not initiate or stop
metabolic reactions but can modify their rates. Since carbohydrate, protein,
and fat metabolism are so closely intertwined, a primary alteration in the
metabolism of one of those substances may be eclipsed by profound sec-
ondary effects on the metabolism of the others. This may create an errone-
ous impression of the site of action of the hormone under investigation. The
study of ketosis is particularly vulnerable to that pitfall since the degree of
ketosis may depend more upon the balance between fat and carbohydrate or
protein metabolism than upon fat catabolism per se. Despite these and other
limitations cited below, some interpretations of the role of the endocrine
glands inketosis are possible.
In the normal rat ketonemia and glycemia varied in inverse relation to
each other and exhibited a biphasic response as the fast was prolonged. The
peak of ketonemia and trough of glycemia occurred by the second day with
gradual recovery thereafter. In contrast, removal of either the adrenal
glands or hypophysis led to progressively increasing ketonemia and sus-
tained hypoglycemia. Although the biphasic response to fasting was abol-
ished, the inverse relationship between ketonemia and glycemia persisted.
The biphasic response was restored by treatment of the hypophysectomized
rat with a "permissive" dose ofcortisone.
The data obtained in the adrenalectomized rats confirm earlier observa-
tions that adrenalectomized rats maintained in an adequate circulatory status
develop even greater ketonemia during fasting than intact controls.'8 Adre-
nalectomized rats also develop ketonemia after insulin hypoglycemia,1 which
simulates the pattern of prolonged fasting telescoped into a period of a few
hours. These results, coupled with the demonstration that treatment with
cortisone suppresses fasting ketosis in man' and the intact rat,'8' might
suggest that the adrenal gland has a direct inhibitory effect on ketosis. How-
ever, a review of the literature indicates that the influence of the adrenal
gland on ketosis has been a controversial subject.
Some investigators have demonstrated ketosis and/or adipokinesis in
adrenalectomized animals during fasting,62 or after administration of an-
terior pituitary extracts,"' ' purified growth hormone,7' and oxycel corti-
cotrophin."8 Others have presented incontrovertible evidence that adre-
nalectomy impairs the mobilization of peripheral fat to the liver under a
variety of circumstances.'' U Although epinephrine has adipokinetic prop-
erties,"' any impaired adipokinesis after adrenalectomy presumably is due
to the absence of the adrenal cortex alone since adrenal demedullation does
not impair the mobilization of fat." It seems pocsible that any impairment
of ketogenesis in the adrenalectomized animal may be primarily due to im-
314
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paired adipokinesis. However, Tracht, Goldstein, and Ramey' have main-
tained that normal adipokinesis is possible in the adrenalectomized rat.
This conclusion is based upon the percentage change in weight of the
epididymal fat pad in response to fasting or administration of phloridizin.
Their data are difficult to interpret since the absolute initial weight of the
epididymal pads and subsequent absolute weight loss were considerably
smaller in adrenalectomized than in control rats despite comparable body
weights. The liver of the adrenalectomized rat can take up exogenously
administered fatty acids and convert them to ketone bodies at a normal rate
as has been demonstrated by perfusing the isolated liver with neutral fat
emulsions,'2 administering C"-labeled octanoate," or measuring ketogenesis
in surviving liver slices.'
While the administration of cortisone suppresses fasting ketosis in man'
and the intact rats,'8 it does not suppress the ketosis which follows insulin
hypoglycemia in either species." In the cortisone-treated rat the liver is
loaded with glycogen during fasting, while after insulin hypoglycemia it is
depleted of glycogen.' Moreover, in the hypophysectomized-depancreatized
rat"' and baboon"4cortisone seems to promote the development of a fatty
liver and, in the case of the rat, intense ketosis.5' Preliminary data in the
baboon reveal that ketosis does not occur despite the fatty liver, suggesting
that in that species ketosis may be dissociated from its usual metabolic con-
comitants.' The augmentation of ketosis in the depancreatized rat and its
suppression in the intact fasted rat suggest that insulin must be present in
those situations in which cortisone has anantiketogenic effect.
Since the studies cited have been performed in many different species
under a variety of conditions, it is not surprising that different data and
interpretations have resulted. Other factors which help to explain the dis-
crepancies are the presence of circulatory insufficiency, which is known to
inhibit ketosis," and reliance on the measurement of ketonuria alone, since
adrenalectomy diminishes the renal clearance of ketone bodies."
It is obvious that the adrenal gland is not essential to the development of
ketosis, but whether adrenal cortical hormones do have a physiologically
important direct effect on some phase of fat metabolism cannot be un-
equivocally answered by these studies. The evidence for possible direct
effects has been reviewed in the past.' In the current studies, and those in
which insulin hypoglycemia was induced,' there is an obvious inverse rela-
tionship between ketonemia and glycemia or liver glycogen levels. It is
tempting to explain the effects of adrenalectomy or cortisone administration
on ketonemia as being indirect manifestations of the well-established in-
fluence of the adrenal cortex on gluconeogenesis. The presence of an
endogenous carbohydrate pool, via gluconeogenesis, would be antiketogenic
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by restoring the balance between acetyl CoA derived from fat and Krebs
Cycle intermediates, regenerated once again via the carboxylation of
pyruvate or oxidative deamination of various amino acids. In the absence of
gluconeogenesis, hypoglycemia and ketonemia would continue. However,
that explanation cannot explain all of the data. The enormously greater
degree of ketonemia found in intact rats made comparably hypoglycemic by
administration of phloridizin suggests that the adrenalectomized rat does
have an impaired ability to develop ketosis although some degree of ketosis
canoccur.
In contrast to the conflicting reports on the role of the adrenal in ketosis,
it has been generally accepted that adipokinesis and ketosis will not occur in
the absence of the adenohypophysis."' "'0 That view has been strength-
ened by the fact that injection of anterior pituitary extracts and some "puri-
fied" anterior pituitary hormones will induce ketosis in experimental ani-
mals.
a 7 l6, "Ie, The presence of a separate pituitary ketogenic hormone has
not been established. Instead, the available data suggest that individual
trophic hormones possess ketogenic activity.l' The development of greater
ketonemia in hypophysectomized rats than in normal rats during a pro-
longed fast came as a surprise in view of the presumed indispensability of
the hypophysis in ketosis. The hypophysectomized rat can also develop
ketosis acutely in response to insulin hypoglycemia.1 Furthermore, although
Bondy and Wilhelmi9 and Tepperman and Tepperman' found that the im-
pairment of ketogenesis in surviving liver slices became progressively more
severe as time elapsed after hypophysectomy, our "late" hypophysectomized
group had even greater ketonemia than the "early" group. Bondy and Wil-
helmi' found that treatment of hypophysectomized rats with thyroxine re-
stored ketogenesis in the liver slices to normal whereas in the present work
no further accentuation of ketosis occurred in the fasted hypophysectomized
rats injected with triiodothyronine. However, the present studies in the
whole animal are influenced by both ketogenesis and ketolysis and may not
be comparable to their work if ketolysis by extrahepatic tissues is increased
by thyroid hormone. Geyer, Shaw, and GreepT have reported that the
oxidation of fatty acids to CO2 does increase parallel to the increase in gen-
eral metabolic ratewhen thyroid hormone is administered.
Our results after administration of cortisone to the "late" hypophy-
sectomized rats also differed from the experience of others who found that
cortisone potentiated the effect of growth hormone in repairing ketogenesis
in liver slices' or restored ketosis in hypophysectomized-depancreatecto-
mized rats.' Instead of enhancing ketonemia, the small constant daily dose
of cortisone virtually restored the patterns of glycemia and ketonemia to
normal. This suggests that the gluconeogenic response to fasting in the in-
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tact animal may be another instance of the "permissive" action of adrenal
cortical hormones'm rather than being due to hypersecretion of those hor-
mones.
The general impression that the hypophysectomized animal cannot de-
velop ketosis on fasting is not warranted since the literature does not con-
tain sufficient data to sustain that opinion. Many data are available on
ketosis in the hypophysectomized diabetic animal, but similar studies on
nondiabetic hypophysectomized animals are few in number and the fasts of
brief duration. The widespread belief that hypophysectomized animals can-
not tolerate a prolonged fast has discouraged such studies. However,
Reinecke, Samuels, and Roberts' found that hypophysectomized rats could
survive fasts of 3-4 weeks. Since the fast was started only 21 days after
hypophysectomy and glycemia was well maintained, their rats probably had
incomplete atrophy of their target organs. It is not known whether ketosis
developed since ketone bodies were not measured. We were able to find
only three reports of blood ketone levels in fasting hypophysectomized rats.
Bondy and Wilhelmi found "normal" ketonemia at 18 hours,9 Shipley'
definite but subnormal ketonemia at 24 hours and, the longest fast, Bahner
and Taylor,' normal ketonemia at 36 hours in rats hypophysectomized only
8-12 days. Those results are comparable to our findings at 24 and 48 hours
since our hypophysectomized rats were not significantly more ketonemic
than the controls until 72 hours had elapsed. Although the present study
demonstrates that the hypophysectomized rat obviously can develop marked
ketosis during fasting, the data cannot exclude an influence of the hypophysis
upon ketosis. The phloridizin experiment clearly shows that when a com-
parable degree of hypoglycemia is induced in the normal rat the animal's
capacity to develop ketosis is tremendously greater than that of thehypophy-
sectomized rat. It seems fair to conclude then, in agreement with earlier
workers, that hypophysectomy does indeed depress the capacity to develop
ketosis. This defect is even more striking whern one compares the pan-
createctomized to the pancreatectomized-hypophysectomized animal. In
the former, ketosis occurs so rapidly and to such a striking degree that the
latter's ketosis, which is of the same order as in the fasting animal, appears
inconsequential by comparison.'7 The hypophysis may exert its influence
on ketosis by restoring adipokinesis to normal since hypophysectomized rats
can utilize exogenously administered fatty acids or neutral fat"' and since
growth hormone and ACTH have been shown to accelerate the release of
nonesterified fatty acids from depot fat in vivo and in vitro."'5 However, a
direct effect on ketogenesis in the liver is also possible since various
pituitary ketogenic factors have been reported to increase the rate of con-
version of infused octanoate to ketone bodies," and have a direct in vitro
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ketogenic effect on surviving liver slices when added to the incubation mix-
ture."' Numerous other attempts to demonstrate an in vitro effect on the
liver havefailed.
It may be inferred from the data presented that in the intact animal
pituitary factors do play a role in augmenting ketosis during fasting while
the adrenal cortex by "permitting" gluconeogenesis to occur moderates
ketosis. An additional factor almost certainly contributing to the develop-
ment of ketosis is the decline in endogenous insulin secretion during fast-
ing.8 The hypoinsulinism may be magnified by a decreased tissue sensitivity
to insulin,5 probably due in part to secretion of growth hormone or other
pituitary factors. A similar situation must exist in the hypophysectomized
animal since hypophysectomy per se will result in suppression of insulin
secretion.2" Our fasting hypophysectomized-adrenalectomized rats exhib-
ited a significant decline in ketonemia in response to an extremely minute
dose of insulin, so minute that it did not lower the blood sugar. This sug-
gests that an almost imperceptible degree of utilization of glucose may be
enough to exert the sparing effect of carbohydrate upon the oxidation of
fatty acids.TM' A similar effect is discernible when 0.05 unit of insulin is
administered to intact rats experiencing ketosis initially precipitated by
insulin-induced hypoglycemia.' In those rats the administration of glucose
did not promptly diminish the ketosis as had happened in the fasting hypo-
physectomized-adrenalectomized rat. It is well known that some utilization
of carbohydrate can occur in the hypophysectomized-adrenalectomized ani-
mal even in the total absence of insulin, and that utilization undoubtedly was
responsible for the declineinketonemia.
The data obtained from the present study as well as those reported by
others permit a tentative formulation of the role of the adenohypophysis and
other endocrine glands in the ketosis of fasting. As liver glycogen becomes
depleted during the first 24-48 hours of fasting,' the resulting declining
blood sugar probably triggers the release of growth hormone,' ACTH,' and
perhaps other pituitary factors, all of which may influence the mobilization
of fat." 5"' These hormones can exert a direct effect on adipose tissue, stim-
ulating the release of nonesterified fatty acids'3' and possibly triglyceride
fat as well,2" leading to an accumulation of lipid in the liver. Epinephrine
and nonepinephrine may also be involved in this reaction."' "' Insulin
secretion declines during fasting' and that decline and the decreased avail-
ability of carbohydrate both play a major role in the suppression of lipo-
genesis in the liver and adipose tissue. These events set the stage for the
utilization of fatty acids to satisfy energy requirements in the glycogen de-
pleted, Krebs Cycle deficient liver and ketosis results; a sequence similar to
that postulated by Mirsky in 1936." By the end of the third day, the ACTH
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activated adrenal cortex has "permitted" gluconeogenesis to occur at a
rapid rate from glycogenic amino acids obtained by accelerating the
catabolism of endogenous protein. Ketogenesis is suppressed by the restora-
tion of the balance between acetyl CoA and the Krebs Cycle by the regenera-
tion of Krebs Cycle intermediates.! These may be regenerated either via
the carboxylation of newly formed pyruvate or more directly by the oxida-
tive deamination or transamination of the appropriate amino acids. In addi-
tion, the oxidation of fatty acids may be spared to some extent by the
availability of endogenously formed carbohydrate,T"' although fat is still the
major metabolic fuel. As those processes continue, glycemia progressively
increases and ketonemia progressively declines. None of the hormones are
essential to the development of ketosis but their presence or absence mark-
edly affects both the rate of development and degree of ketosis. The thyroid
probably has a nonspecific effect on the rates of virtually all reactions while
insulin and the pituitary and adrenal hormones must have more specific
effects on rates of various reactions although the specific sites and mechan-
isms of action are not known. The ACTH-activated adrenal cortex appears
to play an important role in the reduction of fasting ketosis via gluconeo-
genesis and seems to exert its effect in a "permissive" fashion, allowing some
phase of protein catabolism to occur at a physiologically important rate.
It is apparent that while some degree of fasting ketosis can occur rela-
tively independently of the endocrine glands, the magnitude of the ketonemic
response and the recovery from ketosis are both importantly influenced by
insulin, the adrenal cortex, and the adenohypophysis.
SUMMARY AND CONCLUSIONS
The influence of various endocrine factors on ketosis was studied in male
rats during a 7-day fast. Maximal ketonemia in control rats occurred within
2 days, then declined progressively. Glycemia fell to its lowest level while
ketonemia was at its peak and then rose well above the initial fasting base-
line. The observation that the ketonemia of fasting is greater in adrenalecto-
mized than in control rats was confirmed. Fasting hypophysectomized rats
also developed greater ketonemia than the controls. Ketonemia was more
marked in rats studied several months after hypophysectomy than in rats
only a few weeks' post-hypophysectomy. Neither adrenalectomy nor tri-
iodothyronine significantly altered ketonemia in "late" hypophysectomized
rats, but daily administration of a "permissive" dose of cortisone altered
both glycemia and ketonemia, simulating the normal pattern. When sus-
tained hypoglycemia comparable to that of hypophysectomized or adre-
nalectomized rats was produced in fasting intact rats by the administration
of phloridizin, the latter developed a degree of ketonemia far greater than
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that in the former. Phloridizin was not ketogeniic in the nephrectomized
rat. A rapid, striking decline in ketonemia occurred in the fasted hypophy-
sectomized-adrenalectomized rat when either insulin or glucose was admin-
istered.
Neither the adrenals nor the hypophysis are essential for the development
of fasting ketosis in the rat but both influence the magnitude of the response.
With comparable degrees of hypoglycemia the fasted intact rat develops
much greater ketosis than the hypophysectomized and/or adrenalectomized
rat, indicating a role for these glands in promoting ketosis. On the other
hand, the decline in ketonemia during continuation of a fast in intact rats is
probably mediated through the adrenal cortex and may be a "permissive"
effect of adrenal steroids. The contributory role of a decline in insulin secre-
tion during fasting is also to be considered. The biochemical mechanisms
involved in the ketogenic-antiketogenic actions of various hormones are
discussed.
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ADDENDUM
The article by Dr. Hans Lenz entitled "Electron microscopic studies on
the organic matrix of enamel and dentin" which appeared in the December
1958 issue of the Journal should have carried a note thanking the National
Institutes of Health, U.S. Public Health Service, for a grant which entirely
financed the printing of the electron micrographs illustrating the paper.
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